Comparative 16S rRNA sequencing was used to infer the phylogenetic relationships among selected species of mycobacteria and related organisms. The phylogeny inferred reflects the traditional classification, with major branches of the phylogenetic tree in general correspondence to the four Runyon groups and with numerical classification analyses. All the mycobacterial species compared, with the exception of M. chitae, are closely related (average similarity values greater than 95%). The slow growers form a coherent line of descent, distinct from the rapid growers, within which the overt pathogens are clustered. The distant relationship between M. chitae and the remaining mycobacteria suggests that this organism is incorrectly classified with the mycobacteria. M. paratuberculosis 18 was indistinguishable from M. avium-M. intracelulare-M. scrofulaceum serovar 1 by this analysis.
Members of the genus Mycobacterium are widespread in nature, ranging from harmless inhabitants of water and soil to the agents of such devastating diseases as tuberculosis and leprosy. Although they were among the first bacteria described (13, 29) , a working taxonomy was formulated only within the last 30 years (14, 49) . The early classification was based on growth rate, pigmentation, and clinical significance (33) . A fundamental taxonomic division was tied to growth rate; members of the mycobacteria were defined as either slow or rapid growers. The rapid growers show visible growth from dilute inocula within 7 days, and the slow growers require more than 7 days for visible growth (55) . By these criteria, the genus was divided into the four Runyon groups: group I, slow-growing photochromogens; group II, slow-growing scotochromogens; group III, slow-growing nonphotochromogenic (nonpigmented) isolates; and group IV, the rapid growers. Numerical taxonomy offered additional criteria by which to define species but did not provide precise boundaries between some, such as between M. avium and M. intracellulare (27, 31, 35, (44) (45) (46) (47) .
More recently, other methods have been used to complement the numerical studies and to infer natural relationships among the mycobacteria. These include immunological techniques (3, 25, 48, 52) , comparison of cell wall components (5, 16, 17, 28, 37, 43) , comparison of homologous enzyme sequences (51) (52) (53) (54) , DNA-DNA homology (1-3, 12, 15, 22, 23, 36, 37) , plasmid profiles (20, 26) , and restriction endonuclease analyses (6, 7, 12, 32, 56) . But these too have so far failed to provide a unified and unambiguous classification of the genus.
An approach not previously systematically applied to mycobacterial classification is the comparative sequencing of the 16S rRNAs. The use of comparative rRNA sequencing (in particular the 16S rRNA) to infer natural relationships among microorganisms is now generally accepted (57, 58) .
Among available methods for assessing phylogenetic relationships, this has proved to be the most generally applicable and the most incisive. We present here a detailed analysis of mycobacterial phylogeny based on comparative 16S rRNA sequencing.
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MATERIALS AND METHODS Cultures. Table 1 lists the cultures used in this study. Mycobacterial cultures were maintained on LowensteinJensen medium and Middlebrook 7H10 agar with oleic acid-dextrose-catalase enrichment (OADC) (9) . Corynebacterium, Actinomyces, and Rhodococcus cultures were maintained on Trypticase (BBL Microbiology Systems, Cockeysville, Md.) soy agar with 5% sheep blood. Mycobacterial cultures for sequence analysis were grown in Middlebrook 7H9 broth with OADC. Corynebacterium, Actinomyces, and Rhodococcus cultures for sequence analysis were grown in brain heart infusion broth. The cultures were incubated at 37°C on a rotary shaker to the mid-log phase and harvested by centrifugation (6,000 x g for 7 min). The cell pellets were washed three times in 0.85% saline with 0.05% Tween 80, frozen, and stored at -85°C before nucleic acid extraction.
Nucleic acid extraction. Cell pellets were suspended in breakage buffer (50 mM Tris hydrochloride, 20 mM MgCl2, 50 mM KCI, 5 mM mercaptoethanol, pH 7.5) and broken by sonication in the presence of glass beads in an ultrasonic cleaner (Branson 1200). After centrifugation at 16,500x g for 30 min, the supernatant was layered on sucrose step gradients (5, 30 , 50% in breakage buffer) and centrifuged for 3.5 h at 285,OOOx g (Beckman SW40.1). The gradients were fractionated, and the ribosome fraction was identified spectrophotometrically (peak A260). Pooled fractions were extracted two times with phenol saturated with low-pH buffer (50 mM sodium acetate, 10 mM EDTA, 0.1% 8-hydroxyquinoline, pH 5.1) and two times with buffer-saturated phenol-chloroform (4:1). After two extractions with chloroform, RNA was precipitated by the addition of 0. (18) . This treatment partially corrects the observed number of sequence differences for multiple and back mutations (18) . Alignment gaps (insertions or deletions) were assigned one-half the value of a nucleotide difference. Deletions of five or more consecutive nucleotides were treated as five gaps. A phylogenetic tree was inferred by a distance matrix method (10, 11) . Briefly, the evolutionary distance estimates were fitted to an initial branching order, the optimal segment lengths were determined, and the goodness of fit of this topology to the evolutionary distance estimates was evaluated. The error of the tree was defined as the sum of the squares of the differences between the pairwise evolutionary distance estimates and the corresponding tree reconstructions of those distances (i.e., the sums of the tree branches which connect the pairs of organisms), with each difference being weighted by its corresponding statistical uncertainty (19 better tree (i.e., a branching order with a lower error than the starting tree), the best tree is assumed to have been found. The phylogeny shown in Fig. 1 (35, 44, 47) . They represent thermotolerant scotochromogens. All grow at 45°C, and M. phlei and M. thermoresistible are the only mycobacteria known to grow at 52°C. M. flavescens has an intermediate growth rate and has been classified with both the slow and the rapid growers, but its metabolism and physiological activities are most like those of the rapid growers (14) . This is in accordance with the inferred phylogenetic position of M. flavescens. M. fallax falls outside the thermotolerant cluster and in contrast to the thermotolerant species grows rapidly at 30°C and slowly at 37°C. Phenotypic similarity (47 characters compared) between M. fallax and M. flavescens (55.32%) or M. thermoresistible (55.32%) was less than the similarity to other fast-and slow-growing species (e.g., 72.21% similarity to M. triviale). Thus, no overt phenotypic characteristics unite M. fallax with the thermotolerant species (24) .
The second branch of the rapid growers consists of two nonpigmented species, M. chelonei subsp. abscessus and M. senegalense, and two scotochromogens, M. aurum and M. neoaurum. Except for their growth rates and pigmentation, there is little in the literature to group these organisms together. A numerical classification of M. farcinogenes and related taxa based on 69 characters showed a high overall similarity between M. senegalense and M. chelonei clusters (31) .
Within the slow-growing line of descent, M. terrae and M. nonchromogenicum diverge from a common line. These two organisms, along with M. triviale, make up what has been referred to as the M. terrae complex (14, 55) . All three are nonpigmented slow growers. Numerical classification studies linked M. nonchromogenicum and M. terrae so closely that species distinction between them has been questioned (27, 46) . Based on the results of this study (98% similarity), the species distinction appears justified relative to other species of mycobacteria. The evolutionary distance separating them is approximately equal to that separating M. avium-M. intracellulare-M. scrofulaceum serovar 4 and M. kansasii or M. asiaticum and M. gordonae. M. triviale shares substantially less sequence similarity to the other two members of the complex (96 to 97%). Phenotypically, however, it differs very little from M. terrae and M. nonchromogenicum except that it is the only slow grower known to grow in the presence of 5% NaCl, a trait it shares with the rapid growers (55) . The species distinction between M. asiaticum, a photochromogen, and M. gordonae, a scotochromogen, has also been questioned (14) . They cannot be distinguished by intradermal skin tests (3) and differ little biochemically (14, 50) , yet the 16S rRNA similarity (98%) is comparable to that between M. kansasii and the M. avium-M. intracellulare-M. scrofulaceum complex or M. terrae and M. nonchromogenicum.
M. bovis, a nonphotochromogen, and M. kansasii, a photochromogen, are closely related to the M. avium-M. intracellulare-M. scrofulaceum complex (98.8%). These and the remaining members of the slow-growing branch (M. avium-M. intracellulare-M. scrofulaceum complex, M. paratuberculosis 18, and the M. paratuberculosis-like isolate 3937) form a closely related collection of mycobacteria. The 16S rRNA sequence of the M. paratuberculosis strain used in this study is identical to that of M. avium-M. intracellulare-M. scrofulaceum serovar 1 and differs from M. avium-M. intracellulare-M. scrofulaceum serovar 4 at only one nucleotide position. Strain 3937 is a mycobactin-dependent mycobacterium isolated from a stump tail macaque with chronic gastric enteritic disease. Although growth rate, mycobactin dependence, and site of isolation affiliate it with M. paratuberculosis, it is more distantly related to M. paratuberculosis than are the M. avium-M. intracellulare-M. scrofulaceum serovars (10 to 11 mismatches).
This study and others strongly suggest that M. paratuberculosis should be placed within the M. avium complex. For example, antigenic and DNA homology studies have shown strains of M. paratuberculosis to be similar to M. avium (5, 25, 36, 37, 48) . Continuing comparative 16S rRNA sequencing studies have shown most field isolates of M. paratuberculosis to be indistinguishable from M. avium-M. intracellulare-M. scrofulaceum serovar 1 and strain 18 (unpublished data). This contrasts with the observation of marked differences between the restriction endonuclease fingerprints of strain 18 and wild-type strains (7, 56) . Also, a type-specific antigen from strain 18 is missing from many wild-type strains but is present in various M. avium-M. intracellulare-M. scrofulaceum complex organisms (5). Thus, additional comparative analyses are required to resolve the relationships within this closely related group of organisms. Preliminary sequencing of the more variable 23S rRNA from these isolates suggests that this will provide additional discerning sequence attributes (unpublished observations).
The distribution of mycolic acids and T-or M-class catalases are additional characteristics that correspond with the phylogeny inferred by 16S rRNA sequence comparisons (51) (52) (53) (54) . For example, of the species characterized, M. terrae, M. nonchromogenicum, and M. triviale failed to produce T-class catalase; M. gordonae, M. asiaticum, and M. kansasii produced both T-class and M-class catalase; the overt pathogens M. avium, M. intracellulare, and M. tuberculosis produced only M-class catalase (Table 3) .
Primary and secondary rRNA structures corresponding to major phylogenetic divisions within the mycobacterial line of descent. Positional sequence divergence among 16S rRNAs is not random. Certain regions of the molecule are invariant or highly conserved, while others are highly variable (58) . The most variable regions generally differ between species or subspecies of bacteria (38, 40) , whereas regions of intermediate conservation can serve to mark higher-order assemblages. Members of the same genus (or higher natural groupings) generally share sequence elements unique to that group. Thus, although the tree representation of relationship is derived from complete sequence comparisons, the inferred relationships are also reflected in common regional sequence or structure among members of a common line of descent. In general, bacteria that compose a coherent phylogenetic assemblage can be circumscribed by one or several defining structural elements. Two examples of such signature structures are presented in Fig. 2 and 3 . These examples demonstrate both length (insertion or deletion) and sequence variation as defining elements of a signature.
The division between the fast-and slow-growing mycobacteria is marked by length and sequence variation within (Fig. 2 ). An extended helix is found only among members of the slow-growing mycobacteria (with the exception of M. triviale) so far characterized (Fig. 2) . The natural division between fast-and slow-growing species is also reported to be reflected by rRNA gene copy number: one genomic copy among the slow-growing strains (M. tuberculosis, M. bovis, M. intracellulare) and two copies among the fast-growing species (M. phlei, M. smegmatis) (4, 42) .
The thermotolerant fast-growing species (M. phlei, M. flavescens, M. thermoresistible, and the chromogen) are united by sequence and length variation within the helix defined by positions 184 to 193 in the E. coli 16S rRNA numbering (Fig. 3) . M. fallax lacks this signature and thus is distinct from the thermotolerant species by this criterion as well as by the other phenotypic attributes described above. The use of such signature structures in microbial systematics, diagnosis, and studies of microbial ecology has been discussed previously (38) (39) (40) 58 Relationship between nucleic acid hybridization studies and RNA sequence similarity. The use of DNA-DNA, rDNA-DNA, and rRNA-DNA homology measures to establish natural affiliations among microorganisms is well accepted. suggested the outlines of a natural classification of the mycobacteria. In general, it is in good correspondence with the existing classification. Comparative rRNA sequencing should therefore serve to unify mycobacterial systematics by placing available phenotypic measures of identity within a phylogenetic framework. Finally, elements contributing to virulence might be underscored by comparisons between members of the pathogenic group and closely related saprophytes.
